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Abstract—Air traffic controllers always play an important role in the
air transportation system. However, the understanding of the
interaction between controllers’ cognitive activities and complex
traffic activities are less addressed. Many kinds of metrics have been
summarized to analyze complex traffic situations. Eye movements are
considered to be related to cognitive activities. This paper aims to
investigate quantitative correlations between air traffic controller's
eye movement activities and traffic activities. Eye-tracking data and
flight radar tracks are recorded during real-time simulations.
Commonly used eye movement and traffic measures are calculated.
Linear or nonlinear correlations between traffic measures and visual
measures are profoundly examined based on time series analysis
techniques. We assume that there are three types of cognitive
activities during the control process, i.e. targets tracking, conflict
recognition, and attention allocation. Various combinations between
eye movements and traffic activities are identified correspond to the
different cognitive behaviors.
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I.

INTRODUCTION

In the safety-critical systems, such as air traffic
management (ATM) system, the behaviors of the operators
have direct impact on the system's safety and efficiency. Air
traffic controllers are the final decision-maker and executor in
the ATM system, and the understanding of their behaviors has
been one of the major research issues in the ATM domain.
Given the unique nature of air traffic control work,
controller's mental workload has been considered as the main
factor that affects the controller's performance, which
consequently limits ATM capacity. There are a considerable
amount of research work on the study of measuring and
predicting the controller's workload [1,2]. By the examination
of the controller's routine work, queuing theory was first
applied to estimate the controller's workload [3]. Psychologists
and cognitive scientists have also developed models to
qualitatively describe controller's internal activities [4]. For
instance, one of the research work carried out by Histon and
Hansman has identified 4 kinds of mechanisms, which
controllers use to mitigate their cognitive complexity [5].

However, currently there is no commonly used method to
measure and predict controller's workload correctly.
There is another school of research focusing on the other
side of the ATM system e.g. air traffic and airspace activities,
which aims to understand the factors driving workload [6-8].
One of the widely investigated factors is the complexity, since
complexity is seen as the major factor that affects controller's
workload. Metrics such as dynamic density, complexity map,
etc. are proposed and demonstrated either from operational
data or experimental data [9-15], providing insights into the
intrinsic characteristics of air traffic. The quantitative
relationships between workload and complexity measures are
however hardly to be established.
It should be noted that much previous efforts has been
devoted to the study of air traffic controller's communications,
cognitive activities and mental workload[1,5]. Little attention
has been given to their eye movements activities. Most of
information obtained is through controllers’ visual systems.
Based on the integrated information from various sources
being displayed on the radar screen, controllers direct flights
moving smoothly in the airspace. Even in the next generation
of ATM system, most of control work will be done by the
automations. A great deal of controller's work will be
monitoring all the automations operating functionally. They
can take control if there are any failures occurred in the system
[16-17]. Therefore, the understanding of controller's eye
movements is of great importance to the ATM field.
Although there are a lot of research work on eye
movements from various disciplines, including psychology,
ergonomics, and computer science etc. [18-23], few work can
be found on the analysis of controller's eye movements. In [24],
Ahlstrom and Friedman-Berg examined the correlations
between controller's eye movements and cognitive workload. It
is found that eye movement measures can provide a more
sensitive measure of workload as observed in numerous
behavioral studies. Recently, MITRE CAASD has carried out
an eye-tracking study to evaluate their newly developed
automation concept, Relative Position Indicator (RPI) [25].
Wang et. al. analyzed controller's eye movements data and

found that two kinds of eye movements patterns among five
levels of competence of controllers [26].
In this paper, we present our recent results on the analysis
of controller's eye movements and air traffic activities. Realtime simulations were carried out to collect eye movement data
and air traffic data. Five measures on eye movements as well
as 23 measures on air traffic are calculated with the same
sampling rate from the original data sets. Pearson correlation
and Spearman’s rank correlation are both employed to
investigate the relationships between air traffic and controller's
eye movements. Initial results and future work are discussed.
II.

EXPERIMENTS

To investigate controllers' eye movements, a two-weeks
real-time simulations were carried out in the radar simulation
lab at Nanjing University of Aeronautics and Astronautics in
June, 2015. Experienced controllers from Air Traffic
Management Bureau of Jiangsu Province were invited to
participate the experiments. Eye movements data were
recorded with faceLAB, while traffic data were record by the
simulation systems. The detail of the experiments is described
as follows.
A. Participants
A total of 16 personnel (15 males, 1 female) aged 22-33
years volunteered to participate in this investigation (see table
1). All of them are qualified controllers responsible for
approach control in Nanjing. The minimum working
experience is 2 years, while the maximum is 12 years. In China,
based on the working experience and personal competency,
controllers are qualified into five classes. But there is no Level1 controller among the volunteers. However, the difference in
controllers’ levels is out of concern of current study.
TABLE I.

Male
Female

Level-2
2
0

system can record the positions of every flight in the radar
screen in every 4 seconds. Detailed information of the aircraft
such as the latitude, longitude, altitude, speed and heading
were retrieved from the system for further analysis.
C. Simulated airspace and traffic scenarios
We select Wuhan Approach Sector for simulated airspace
environment. As shown in Fig. 1, the sector ZSHCAP03 is for
all the arrival flights and departure flights in Wuhan approach.
Departure flow and arrival flow is not separated in the
controlled airspace. There are four major traffic flow and a
flow over flights.
Four levels of traffic scenarios are prepared based on the
real schedule. Every simulation exercise lasts about 20-30
minutes. The difference in traffic scenarios is not considered in
current study. In total, we have 32 sets of simulation exercises
data to analyze (16 controllers, each has 2 simulation
exercises).
The faceLAB cameras were set up in the front of
controller's keyboard under the middle of main radar screen. A
precise model was built for each participant, and calibration
was made before simulation starts. All participants were
required to have normal utilization of both arms and legs and
permitted to wear eyeglasses for vision correction, as they were
doing normal control job. Brief introduction of the purpose of
the study and the traffic scenario was given before each
simulation run.

THE NUMBER OF CONTROLLERS

Level 3
1
0

Level 4
3
1

Level 5
9
0

B. Equipment
FaceLAB 5.0 with automatic software was used to record
controllers' eye movement. It can provide a very high quality
tracking without interfering with the user environment, which
has been widely used in commercial, clinical and research
applications. The features, such as head-pose, saccades, eye
blinks and pupillometry etc, can be measured by this device.
In order to investigate the relationship between eye
movements and traffic behaviors under various traffic
situations, radar control simulation systems are used to perform
high-fidelity simulation exercises. Both the functions and the
interface at controller's position are exactly the same as their
work station in the ATMB. The radar control simulation

Figure 1. Airspace structure in Wuhan approach. The main fixes are ZF,
WTM, LKO, and XSH. Departure/arrival traffic from/to Wuhan airport are
all through these fixes.

III.

DATA PREPARATION

A. Eye movements measures
The determination of fixation and saccadic has to be done
before further analysis of eye movements. To extract fixation
points from recorded data, we developed an algorithm mainly
based on the Velocity-threshold fixation identification (I-VT)
algorithm. I-VT algorithm has been widely used in lots of eye-

tracking research. Angular velocity is used to distinguish
fixation and saccade points. A crucial parameter, the velocity
threshold, must be designated in advance, e.g. velocity
threshold is set to 120o / s . The original time series data is first
sorted according to the recorded time. Then, I-VT begins by
calculating point-to-point angular velocities for each point. The
following rules will be applied to distinguish fixation and
saccade points: If the point's angular velocity is less than the
threshold, it is identified as fixation point; otherwise it is
identified as saccadic point. The process then collapses
consecutive fixation points into fixation groups and discards
saccade points.



Total cruising time.



Total descending time.



Number of aircraft with heading change greater than
15 degrees.



Number of aircraft with speed change greater than 10
knots.



Number of aircraft with altitude change greater than
750feet.



Average velocity of aircraft.

Finally, I-VT outputs each fixation group represented by ,
where x and y are the center of the points in a group , t
represents the time of the first point, and d gives the duration
of the fixation group.



Number of aircraft with 3-D Euclidean distance
between 0-5 nautical miles excluding violations.



Number of aircraft with 3-D Euclidean distance
between 0-8 nautical miles excluding violations.

Here, we selected 6 eye movements measures for our
further analysis, which are the average number of Area of
Interest (AOI), average fixation duration, saccadic velocity,
mean pupil diameter of left eye, mean pupil diameter of right
eye and mean blinking rate. When many fixations appear
clustered close together, this might suggest that there are some
kinds of stimuli in the proximity of these fixations that attracts
attention. These clusters are what could be called areas of
interest [27].



Number of aircraft with 3-D Euclidean distance
between 0-13 nautical miles excluding violations.



Minimal horizontal separation.



Minimal vertical separation.



Number of potential conflicts.



Minimal time-to-go to conflict.

B. Traffic metrics
Air traffic complexity has been extensively investigated
during the last decades. Research focus has been given on the
identification of the quantifiable complexity variables or
factors. Building upon the previous work, we select the
following 23 traffic-related metrics to describe various traffic
behaviors. All these metrics can be calculated from recorded
traffic data.


Number of aircraft.



Aircraft count divided by the capacity of the sector.



Total controlled kilometers: the flight distance for all
flights under control in the airspace unit.



Mean controlled kilometers: the average flight distance
for all flights under control in the airspace unit.



Total controlled time: the flight time for all flights
under control in the airspace unit.



Mean controlled time: the average flight time for all
flights under control in the airspace unit.



Number of climbing aircraft.



Number of cruising aircraft.



Number of descending aircraft.



Total climbing time.

C. Pearson Correlation coefficient
Pearson correlation coefficient is used to capture the
correlations between controllers' eye movements behaviors and
air traffic behaviors. To make the time series data sets
comparable, we use 20s as the sampling rate to calculate eye
movements metrics and traffic metrics. Let feij (t ) represents
the j th eye movement measure value of the i th participant at
the t th slot, while fcik (t ) represents the k th traffic metric
value. T is the number of time slots that are observed in a
traffic scenario.
To compute the correlation i jk between eye movementtraffic behaviors of the i th participant, one can use the
following equation
ij 

 ( fe
t
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where   [1,1] .
D. Spearman's rank correlation coefficient
Spearman's rank correlation coefficient assesses how well
the relationship between two variables, which is appropriate
for both continuous and discrete variables, including ordinal
variables. Spearman's correlation coefficient only considers the
ranking of the variables in the time series which is defined as
the Pearson correlation coefficient between the ranked

variables. Therefore, Spearman's coefficient can be used to
evaluate the non-linear correlation between the two time series.
Rank the time series x in ascending sort order: X i , i 1, 2,..., n
and then note their locations as Rankxij . Rankxij represents the
location of the element i in the time series j. For the time series
Y, Yi , i 1, 2,..., n , the Ranky means location of the element i in
the time series j. The Spearman's correlation coefficient for
time series can be computed as
ij

6 i 1 di
n

  1

where di  Rankxij  Rankyij and
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RESULTS

We have calculated all the correlation coefficients (Pearson
coefficient & Spearman's coefficient) between eye movements
measures and traffic measures, of all the 32 simulation
exercises data sets. According to the statistical results and
controllers’ cognitive process, we focus on three categories of
activities: target tracking, conflict recognition and attention
allocation.
A. Targets tracking revealed by Pearson's correlations
By the examination of Pearson correlation test between the
metrics of controllers' behaviors and traffic behaviors, we
found that not all the combinations of controller-traffic
behavior have the regular correlation characteristics. We did
found one interesting result that one eye movements measure
and two traffic metrics are closely correlated for most of
controllers (>93%): the average saccadic velocity of controllers
is positively correlated with the average velocity of the aircraft
within the sector but has a negative correlations with the
number of the aircraft. Correlation results are presented in Fig.
2.

(b) Average saccadic velocity-the number of the aircraft
Figure 2. Correlation of selected combinations for all controllers.

The average saccadic velocity reflects the capability of
controllers in dealing with tasks. If there are more aircraft in
the sector, there will be more targets to be focused on by the
controllers when monitoring the traffic situations; and they
have to look at every flight, which will reduce the frequency of
the controllers in switching the targets and thus reduces the
saccadic velocity. Therefore, the average saccadic velocity is in
negative correlation with the number of the aircraft. If the
average velocity of the aircraft within the sector becomes faster,
the evolution of traffic situation becomes faster. In order to
adapt to the changing trend of the object spatially, controllers
should also adjust the personal behaviors and improve the
speed of monitoring targets. Therefore, the average saccadic
velocity is positively correlated with the average velocity of
the aircraft.
There is no expected regularity discovered among other eye
movements-traffic behavior metrics, and some individuals
even have significant difference. For instance, the number of
AOIs and the number of aircraft is expected to be in positive
correlation. When there are more aircraft in the sector, the
traffic density in a given volume of airspace increases, and the
number of AOIs therefore will also increases. Statistical results
indicate that the number of AOIs and the number of aircraft
has negative relationship for about 33% controllers while
positive relationship for the other 67% controllers.
The statistical results show the obvious linear correlations
during the target tracking activity. In order to further
investigate the other type of correlation between traffic
activities and eye movement activities, we will conduct an indepth analysis of Spearman's rank correlations of all the
combinations.

(a) Average saccadic velocity-average velocity.

B. Spearman's rank correlation analysis results
The template is designed so that author affiliations are not
repeated each time for multiple authors of the same affiliation.
Please keep your affiliations as succinct as possible (for
example, do not differentiate among departments of the same
organization). This template was designed for two affiliations.

By comparing the analysis results with Pearson correlation, it
is found that there do exist non-linear correlations between
more eye movements metrics and traffic complexity metrics
combinations.
In the field of target tracking, Spearman's rank correlation
presents a similar pattern from the same activity combinations.
So we will provide a detailed description of correlations from
the rest two aspects: conflict recognition and attention
allocation.
1) Conflict recognition
In order to ensure the safety of air traffic, it is critical to
identify and resolve the potential conflicts in the airspace. As
shown in Fig. 3a, average fixation duration is positively
correlated with the number of aircraft pairs with 3-D Euclidean
distance between 0-5 nautical miles. In our simulations, a
minimum of 10km should be maintained between any aircraft
pairs. If there are more aircraft pairs with separation less than 5
nautical miles, there will be more potential conflicts in the
sector. To resolve the potential conflicts, controllers will pay
more attention to related aircraft. Fig. 3b also shows the
positive correlation between the number of AOIs and the
number of aircraft pairs with 3-D Euclidean distance between
0-5 nautical miles. When the number of the aircraft with
separation less than 5 nautical miles increases, the difficulty for
conflict resolution will also increase. Therefore, it is necessary
to gather more information to resolve the conflict. And
controllers will pay more attention to more AOIs. Compared
with Pearson correlation analysis results, these two
combinations exhibit the complete positive correlation trend. In
spite of individual difference, all controllers behave similarly
under different experiments. It can be drawn from the results
here, owing to the structure of sector, conflict type and
working skill, traffic activities have a non-linear effect on
controllers' eye movements.

(b) The number of AOIs-the number of aircraft pairs with 3-D Euclidean
distance between 0-5 nautical miles
Figure 3. Spearman Correlation of selected combinations for all controllers.

2) Attention allocation
Air traffic controllers' eye movement metrics indicate the
distributions of their attention. As shown in Fig. 4a and Fig. 4b,
both pupil diameter and average fixation duration are
positively correlated with controlled time. Whereas Fig. 4c
shows that the saccadic velocity is negatively correlated with
controlled time. Fatigue can directly result in the dilation of
left/right eye pupil. When the controlled time increases,
controllers are more likely to feel tired and cannot be able to
concentrate on the work. Therefore, the saccadic velocity will
slow down, and average fixation duration will increase. These
results can be explained as the unreasonable allocation of
attention. Consequently, controllers cannot handle the
emergency situation in time, which will increase the potential
risk in the sector.

(a) Left/right eye pupil diameter-controlled time.

(a) Average fixation duration-the number of aircraft pairs with 3-D Euclidean
distance between 0-5 nautical miles.
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